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Résumé— Modélisation du comportement thermodiffuso-élastique linéaire couplé. Application a la
décompression explosive de polyméres Une modélisation thermodiffuso-mécanique est proposée ici
dans le but de décrire le comportement couplé de polymeres initialement placés dans un environnement
gazeux et sujets a une décompression « explosive ». Plusieurs descriptions du volume élémentaire
représentatif (VER) pouvant répondre a cet objectif sont détaillées. La modélisation est ensuite conduite
sur la représentation la plus simple du VER comme un mélange homogéne de polymére et de gaz. Dans
le cadre de la thermodynamique des milieux standard généralisés, les lois constitutives couplées sont
établies en se limitant & un comportement mécanique élastique linéaire. L'implantation de ce modéle
dans le logiciel ABAQUS™ a alors permis de mener une premiére étude qualitative des effets de
couplages directs dont les principaux résultats sont discutés.

Abstract— A Modelling of the Coupled Thermodiffuso-Elastic Linear Behaviour. Application to
Explosive Decompression of PolymersA thermodiffuso-mechanical modelling is proposed in this
article with the aim of describing the coupled behaviour of polymers, which are initially placed in a
gaseous environment and subjected to an “explosive” decompression. Some descriptions of the
elementary representative volume (ERV) are considered and detailed. The modelling is then developed
from the simplest representation, which consists in describing the ERV as a homogenous mixture of
polymer and gas. In the framework of generalized standard media, coupled constitutive equations are
only proposed for a linear elastic behaviour. The numerical implementation of this model in ABAQUS™
led to a first qualitative study of the direct couplings. Its main results are discussed here.
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NOTATIONS

General and Mathematical Notations

O quantity associated to the mixture
O, initial quantity associated to the mixture
O g (Dp) quantity associated to gas (polymer)

Dg (Dg) initial quantity associated to gas (polymer)
O vector

g second order tensor

L identity tensor

Od

EF@ time derivative
t

a0
%@ partial derivative afl constant

grad gradient operator
div divergence operator
tr trace operator

0.d scalar product

Thermodynamic Notations

0> -«

o)

Diffusion

heat flux per unit area (W)

volume density of heat generated by an external
source (W-ITP)

thermal conductivity (W-m-K-1)

specific heat at constant strain and normalized
concentrations (J&kg?)

Notations

average mixture density (kg=th

normalized concentration of th& constituent
(Pa)

initial normalized concentration of th& cons-
tituent (Pa)

mass chemical potential of thH# constituent
(I-kgh

initial mass chemical potential of tH&constituent
(J-kg?

relative mass flux of thé'iconstituent (kg-rmf-s%)
solubility coefficient of theét" constituent in the
mixture (Pab)

diffusivity (m2-s)

Coupling Notations

0] specific free energy (J-K

s specific entropy (J-#-kg™)

So initial specific entropy (J-&-kg™h) o

Js entropy flux (W-K.nt?) .

o) volume dissipation (W-m)

o, volume dissipation linked to temperature gradienku
(W-nt9)

o, volume dissipation linked to chemical potentialsk,
gradient (W-1m)

d dissipation potential (W-T9) c

d,d dual dissipation potentials (W& :

Mechanical Notations d

isotropic heat expansion coefficient{iK

coefficient of expansion linked to diffusion
phenomenon

coefficient linked to the chemical potential
gradient effect on the gas mass flux (kg=9m
coefficient accounting for the thermal gradient
effect on the entropy flux (W-ThK=)

coefficient corresponding to the temperature
(chemical potential) gradient effect on the mass
(entropy) flux (kg-mt-s-K)

coefficient representing the effect of temperature
variation (concentration variation) on the chemical
potential (entropy) (J-kKé K1)

coefficient defined apD/K ) (m3/<?).

INTRODUCTION

During the past twenty years, the use of polymers expanded
widely in technical structures. In petroleum industry for

instance,

u, radial displacement (m)

y acceleration of the considered particle in thep
mixture (m-s9)

f body force per unit of mass (N-&p

a total Cauchy stress tensor (Pa)

a, initial total Cauchy stress tensor (Pa)

g® infinitesimal elastic strain tensor

AU Lamé coefficients (Pa)

E Young coefficient (Pa)

v Poisson coefficient

Thermal Notations

T absolute temperature (K)

T, initial absolute temperature (K)

they form sheaths and gaskets used for oil

transportation. They are exposed to severe in-service
environment, defined by high temperature (80 to 150°C) and
by a gas pressure, which fluctuates abruptly between high
(100 MPa) and low values. These drops in pressure (called
explosive decompression) sometimes induce irreversible
damage in the polymer as a result of a full coupling between
mechanical, thermal and diffusion phenomena. Depending
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on the nature of the gas-polymer system, decompression ratewhich a thermal gradient induces a mass flux) to be
and thermal conditions, such damage appears either locatlgscribed (Papon and Leblond, 1990). Cailletzual. (2002)
(mesocracking) or in a diffuse way (foaming). Predictivepresented a bibliographical work on this direct way of
tools, taking these couplings into account, should be used ¢onsidering couplings. In this paper, metallic material
foresee the in-service behaviour of such structures. The wobehaviour has been studied, especially the interaction between
in progress is based on the development of constitutive lawsietal oxidation and mechanical load. In polymer mechanics,
The latter would make it possible to report the differeninteresting theoretical developments, which led to the DNLR
interactions between mechanical, thermal and diffusiofdistributions of non-linear relaxations) model, were also
phenomena. proposed by Cunat (1991) and fellow workers. A distribution
From an experimental viewpoint, the explosive decomef relaxation processes is used to represent the internal
pression phenomenon was often studied, particularly in thdissipation phenomena. At any time, the system tends towards
case of elastomers, which are often employed in the ofl state of equilibrium in accordance with some physical
industry and are not very resistant to explosive deeonsiderations. This formulation makes it possible to take
compression. A few examples are given hereafter foccount of a lot of direct couplings (mechanical, magnetic,
information: the works of Briscoet al. (1992, 1993, 1994), thermal, etc.). While this modelling thermodynamic
Campion (1990) and Liatsis (1989). General investigationsamework is well established, nevertheless the relaxation
were also made on thermoplastics by Dewingtl@l. (1993)  spectra definition is delicate when couplings are present and
and Jarriret al. (1994), more particularly on polyethylene in was not considered in the explosive decompression case. So,
a methane environment (Gaillard-Devaux, 1995) and polyactually there is no clearly defined model in which these
vinylidene fluoride with carbon dioxide (Lorgs al, 1999). direct couplings are thoroughly considered.
All these studies confirm the existence of a strong coupling Faced with this situation, a modelling which takes the
between mechanical, thermal and diffusion phenomena.  direct couplings as well as the indirect couplings into account
From a modelling viewpoint, the theoretical description oshould be developed in the long term. It is a prerequisite
these coupling phenomena is generally based on an empirigdien one aims at foreseeing the damage incipience. The first
or thermodynamic interpretation of experiments. These intestep, which is the subject of this article, is to establish a
actions are taken into account at two levels: in the expressiomodel in which only the direct couplings are considered. The
of polymer characteristics as a function of pressure, tempematerial is considered at the macroscopic scale in the
ature and concentration on the one hand, in the thermframework of thermodynamics of continuous media with
dynamic formulation of the model on the other hand, thaihternal variables.
correspond to the indirect and direct couplings respectively. In the first part of this document, we propose some ideas
The indirect couplings were specially considered iron the elementary representative volume (ERV) description.
the literature. A number of molecular models, based oFRive alternatives are considered. They differ in the way of
the polymer internal structure, represent the diffusiomdescribing the polymer internal structure on the one hand, and
characteristics variation with pressure, concentration and/or the way of describing the gas transport phenomenon on the
temperature. Some bibliographical syntheses are given ather hand. Then, the simplest one is taken as a starting point
this subject by Liatsis (1989), Gaillard-Devaux (1995) anaf thermodiffuso-mechanical modelling, in other words the
more recently by Klopffer and Flaconnéche (2001). In th&RV is considered to be a homogenous polymer and gas
same way, there is some information on mechanical armdixture. Gas diffusion is a molecular diffusion, which obeys
thermal characteristics. For instance, Rodier-Renaud (1994) Fick’s type law and thus is driven by concentration
define the isobaric expansion coefficient as a function ofradients. We look for the easiest approach to the direct
temperature for polyethylene. Nevertheless, the complexityouplings that is why a classical thermodynamic (for
of mechanisms, the multiplicity of dependences and thmechanic) framework is chosen. The thermodynamic
difficulty in carrying out characterization tests under high gapotentials employed are quadratic forms so that the equations
pressure do not make it possible to define all the indiredf state as well as the complementary evolution laws are
couplings and often lead to complicated expressions of thebeear. This model does not account for the indirect couplings,
couplings with limited validity domain. which means that material characteristics have constant
The direct couplings were tackled in the classicavalues. The second part of this article deals with a particular
framework of thermodynamics of irreversible processestersion namely the linear thermodiffuso-elastic model.
They are taken into account via a direct reliance of Its numerical implementation in ABAQUS™ led to a first
thermodynamic potentials (specific free energy, dissipatiogualitative study of the direct couplings. The structure under
potential) on all the variables (mechanical, thermalconsideration, corresponding to an infinite pipe, was
diffusion). This second approach of couplings enables one tmbjected to mechanical, thermal and diffusion loads. The
represent successfully a number of physical phenomena. &ffects of coupling on its elastic response are presented in the
give just one example, it is easy for Soret effeetthe case third part of the document.
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Firstly, this numerical tool will enable one to estimate theHomogeneous Mixture

contribution made by such a modelling to the explosiven the first model, gas diffuses within the material according
decompression study. Admittedly this modelling is limitedto a Fick's type law, that is to say under the effect of
but such a tool taking account of the interaction betweeghe concentration gradients. Then, the ERV is described as
mechanics, thermic and diffusion will facilitate the 3 classical continuous medium, made up of a homogeneous
comprehension of the basic phenomena. It is an obligatopslymer-gas mixture. The equations of state as well as

stage if one wishes, in the long run, to approach damagge complementary evolution laws relate to this mixture
phenomena. Secondly, the simulations will lead to a neyfig. 1).

protocol of experimental characterizations, which will in the Damage phenomena can be approached only with internal
long term make it possible to distinguish the effect of the 9e p P y

: . S i variables, which have to be numerous enough to account
direct couplings from the effect of indirect couplings due tq‘or the damage modes observed during an explosive

the intrinsic dependences of polymer characteristics. .
decompression.

Saturated Porous Medium with an Impermeable Skeleton

In the second model, gas flows within the material according

In this development, the thermodiffuso-mechanical behaJ® & Darcy’s type lawj.e. under the effect of pressure

iour of polymers is described at a macroscopic scale in tfadients. So, the ERV is considered as a saturated porous
framework of the thermodynamics of continuous media witt€dium in which the polymer corresponds to the imper-
internal variables. The physical “poverty” of this modellingmeable s_keleton and the gas saturates the connected porous
is filled in by a more or less complicated kinematics, whictPPace (Fig. 2).

leads to a relevant representation of the microstructure. Any In this case, damage processes can be taken into account
ERV is represented by a mono- or biphasic entity, in whicklassically by some internal variables but also by a
gas transport is due to the concentration and/or pressure graechanical effect of gas-polymer interaction corresponding
dients. So, five alternatives were considered, correspondirtg the internal structure effect (pre-existing defects). Thus,
to an increasingly elaborate approach to the strain interntilis second ERV representation contains more potentialities
mechanisms. Interest here is in the various modelling whidler the modelling of damage than the first one. It is a
could be developed within the framework of polymerdifferent physical description, which employs some geo-
mechanics. metrical variables associated with a microscopic sgae
porosity and tortuosity). The presence of these interconnected
cavities is debatable at a mesoscopic scale because they are
not observable. However, it is conceivable at a lower scale.
One can imagine that gas molecules contained in these
cavities are numerous enough to be governed by classical
First of all, the polymer is described as a monophasiequations of state (PVT) as in a porous medium. Some
medium, which is particularly appropriate to amorphougjuestions remain about interconnectivity, tortuosity and free
materials such as thermosetting elastomers and uncrystallizeslume notion. Besides, the treatment of the initial stae (
thermoplastics. The gas transport corresponds to a moleculmfore absorption) poses also a problem. As the “void” is not
diffusion and/or a flow. These different perceptions ofconceivable in the connected porous space, the nature of the
transport phenomena lead to the three models, which agas, which is present at the initial state, has to be defined
presented below. from physical considerations.

i

1 CHARACTERIZATION OF THE ERV

1.1 ERV Description Possibilities

1.1.1 Monophasic Modelling

@ Gas - Fick O Polymer

@ Polymer - Fick @ Gas - Darcy

Figure 1 Figure 2

Homogeneous mixture. Saturated porous medium with an impermeable skeleton.
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Such a modelling was already considered in the literature.1.2 Biphasic Modelling

For instance, a thermoporo-elastic model was proposed by i )
Weiler (1992) to study the rocket ablative materials such 45 e framework of semi-crystalline polymers, the ERV

carbon-phenolics. The formulation suggested by Cousgﬁpresentation can be improved by taking account of
(1991) was also applied in the context of the thermopord!'® Polymer morphology. Cangémi and Meimon (2001)

elastic behaviour of rocks (Onaisi, 1991) and the thermdOPosed an advanced mechanical model in which the
hydro-mechanical one (Skoczylas al., 1992). All these polymer is described as a biphasic or porous medium. Each
studies highlighted some effects of coupling. constituent has its own constitutive law. The spherulites and

. _ the constrained amorphous phase form the skeleton whereas
Saturated Porous Medium with a Permeable Skeleton  the free amorphous phase defines the “fluid”. This last flows
In the third mOdel, the gas transport Corresponds to a molﬁnth”‘] the connected porous space of each ERV. This
cular diffusion within the skeleton.g. according to a Fick's  modelling led to a satisfactory representation of the polymer
type law) and also a flow within the connected porous spaggechanical behaviour.
(i.e. according to a Darcy’s type law). The ERV is described g jntroduction of diffusion and coupling requires further
as in the previous case, except that now the polymer, Wh'?févelopments. Studies made by #F® under gaseous
forms the skeleton, is permeable to the(§és 3). pressure corresponding to an explosive decompression,
showed that the gas diffused mainly in the free amorphous
phase. Nevertheless, it is very probable that under higher
pressure, gas diffuses also within the constrained amorphous
phase associated to the spherulites. Then, two alternatives

© Polymer are considered.

@ Gas-Fick Unsaturated Porous Medium with an Impermeable Skeleton
In the fourth model, gas diffuses within the free amorphous

O Gas - Darcy phase according to a Fick's type law and the homogenous
mixture of gas and free amorphous phase flows within the
connected porous space, governed by a Darcy’s type law.

The ERV is still described as a porous medium filled now
with the mixture of gas and free amorphous pl{asg 4).
Saturated porous medium with a permeable skeleton. So, the problem of the initial statee( before absorption)
does not arise any more. This representation contains

The gas is absorbed in the skeleton on time scales whiHeresting morphological characteristics. Even if the
are different from those associated to the outflow within théescription of the polymer microstructure is poor, it offers
connected porous space. That is why this modelling ca#f€at potentialities in the differentiation of damage modes.
describe the hysteresis effects and non-linearities observethsaturated Porous Medium with a Permeable Skeleton
during the diffusion tests. Moreover, this approach makes in this last model, the gas diffuses also between the crystalline
possible to account for the complicated evolutions of théamellae {e.in the constrained amorphous phase linked to the
polymer characteristics with impregnation. Finally, differentspherulites) according to a Fick’s type law. Indeed, the
damage mechanisms can be considered according to thieeleton is assumed to be permeable to the gas. Each compo-
interaction between gas and polymer. nent of the mixture has to be considered separéay5).

Figure 3

@ Polymer: spherulites @© Polymer: spherulites

and constrained T and constrained

amorphous phase ’ i amorphous phase
. & Polymer: free

Polymer: free 7 ‘ G amorphous phase

amorphous phase %

%1 @ Gas in free amorphous
it phase - Fick

@ Gas in free amorphous

phase - Fick @ Mixture of gas and free

amorphous phase
- Darcy

\._! Gas in the skeleton
formed by spherulites
and constrained
amorphous phase - Fick

Mixture of gas and free
amorphous phase
- Darcy

Figure 4 Figure 5

Unsaturated porous medium with an impermeable skeleton. Unsaturated porous medium with an permeable skeleton.
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Such a modelling will probably describe some strong nonz.2 Local Equations
linearities and will constitute an improvement in the damage

treatment as well as in the approach of the impregnatiohhe behaviour of polymers subjected to pressure, gas
effects. concentration as well as temperature variations is defined by

diffusion, dynamic and thermal equations. The two former
equation families are classically developed but the thermal
one is not so easy since it contains couplings corresponding

Increasingly complicated descriptions of the ERV have beél® dissipative phenomena.
proposed. If couplings were specially considered in the
framework of the porous media, it is less usual in the case 8f>-1 Mass Balance
mixtures framework. Besides, the semi-crystalline polymein a bicomponent system without chemical reaction, the mass
is described as a porous medium in which the “fluid’of each species remains separately the same, which leads to
corresponds to a mixture of free amorphous phase and gastwo mass balance equations.

Thus, the mixtures framework is chosen to develop the The two components of the mixture are characterized by
thermodiffuso-mechanical model. Such a modelling willthe following variables:
enable one to approach the amorphous polymer behaviaurp average mixture density (kgfn

Subjected to an eXpIOSiVe decompression. Moreover, |t |S_acl normalized concentration of th@ constituent (Pa),

1.2 Modelling Choice

prerequisite work when one aims at modelling the semi- * defined as the concentration (mass fracti@nkg/kg)
crystalline behaviour. and solubility si ratio (Pa);

- J, relative mass flux of thé" diffusing phase (kg/fs).
2 THERMODIFEUSO-ELASTIC MODELLING The mass balance for th# component leads to the

following diffusion equation:

2.1 Thermodynamic Framework pS % =- di\/jm

The model is developed in the framework of the generalized |yic .|assical balance equation is applied to polymer and

?ta:gdafrd media &_mgl therefore foIIowi a cIaSS|_ca|1I approa(?h.g%& Nevertheless, mass flux and normalized concentrations
ield of state variables represents the material at any tim atisfy by definition the following equations:

The introduction of a first potential (specific free energy)
makes it possible to set laws linking thermodynamic forces jo=-3 d dc, _ dc,
(stress, entropy, chemical potential) to dual variables (strain, my =~ Jm, a@Nds =TS

Yt~ P ot
temperature, normalized concentration). The dissipations, So, both the diffusion equations are linked and thus only
which are only associated to thermal

. ' . and  diffusion,e gas one will be used further in this paper:
phenomena in an elastic behaviour case, are discussed using

a second potential (dissipation potential). This potential 0s d&:—divj 1)
expression depends on the considered coupling assumption 9 dt M

(total or not). Once defined, it leads to complementary

evolution laws (Fourier’'s, Fick's). These different steps ar@.2.2 Mechanical Balance

presenFed in the foIIowir\g paragraphs. ] _ The mechanical balance equation is derived from the funda-
In this thermodynamic framework, every ERV is describednental principle of dynamics. When one neglects the inertia

at a macroscopic scale as a bicomponent, continuoUsifects py= (), it leads to the following static equation:
homogenous medium: polymer and gas. One focuses on the

average behaviour of the mixture defined by average physical aivg +pf @

value (based on each species value). Moreover, this ERV is . .
open and thus trades heat as well as matter with tiféhered is the total Cauchy stress tensor (P, the body

surrounding medium. The two-species diffusion is 4°'Ce Per unit of mass (N/kg) at any point within the ERV
molecular diffusion, which obeys a Fick's type law and ther@d Ythe considered particle acceleration €n/s

is driven by concentration gradients. In addition, the materiag
is assumed to be isotropic and is studied in the framework of
small perturbations. Finally, a strong assumption consists ifhermodynamic Potential, Equations of State

keeping constant each ERV characteristic in time and spada.the context of thermodynamics of continuous media, one
This approximation is by no means verified but makes itlassically employs the specific free enetgpf the mixture
possible to simplify strongly the equations on the one han@/kg). For an elastic behaviour, this potential depends on
and to account for only the direct couplings on the other hanfbur state variables: the temperatiiréK), the infinitesimal

2.3 Thermodynamic Balance — First and Second Laws
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strain tensorg® and the gas and polymer normalized Remark: tr represents the trace operator.
concentrations, and ¢, respectively: Heat Equation
W=yEsTc, Q) Let Jq (J/m-s) be the heat flux per unit area an@/ne-s)

When a normal configuration is assumed and the first twi'€ Volume density of heat generated by an outer sceiuge (
thermodynamics laws are considered, constitutive laws al&y @n radiating source), the heat balance equation taking

known as equations of state can be derived fpam follows: ~ account of the different couplings has the following
expression:

o L T &

e 8o, 00T Lo e, § 006 G e, Cee E:—d|v\]q +r1 —(3\ +20)a T i ©)
wheres (J/kg-K) denotes the specific entropy andJ/kg) dc

the mass chemical potential for tifespecies (dual variable - [(ug ~p)+T d] P Sgd_tg

of the mass fraction).
The last term corresponds to the temperature variation

. Q0 . oo i
Remark: %@ means partial derivation with as linked to gas diffusion within the polymer material.

constanwalue. Dissipations

Under the assumption of small perturbations, that is to sayhe second law of thermodynamics makes it possible to
infinitely small strains and small differences of temperaturelefine the volume dissipatiot (positive or nil) linked to
and normalized concentration, the development of thentropy generation. An elastic behaviour is characterized by
potentialy to the second order leads to the following lineatthe absence of internal variables, which leads to a nil intrinsic
constitutive equations: dissipation.® splits into two terms@®, and ®, (J/m?s),
(3) which are linked respectively to the temperature and

o=0,+A(tre®) | +2pe® ) ) :
= =0 (= )= HE chemical potential gradients, so that:

~ (@ + ) for (T -To) +arc (g - g)] O =, +d,20, ®, =-J, gradT
1 .
s=s, +ﬂ Ce, (T -T) 4) and @, =-J;, Ogradpg —H )
where:

1 =
2 (3 °+d - J J J
+p( +21)aq tre®+ SQ(CQ Cg) JS:'?[J“_(HQ_H p)Jna]

Mg —Hp = (13 —12)+D sy(ce— ) is the entropy flux (J/s-K#n
(5) Introduction of the dissipation potentidland its duad®
_1 (A +2)a,tre®=d (T -Tp) —throu.gh Legendrg-Fenchel transformation— &&n isf
compatiblea priori with the second law of thermodynamics.
where: The expressions of these continuous, convex and positive

- T, c% , @ S, and ¥ respectively represent initial functions depend on the considered coupling assumptions.
temperature, gas normalized concentration, stress, specifiyolution equations are given for differedt in the
entropy and chemical potential of tifeconstituent at zero following paragraph.
strain, thermal and concentration variations; Coupling Processing

Under the assumption of a total coupling between dissipative
phenomena, the dual potential becomes a unique function,
which is given by Equation (7). In the framework of
generalized standard media (normal dissipativity assump-
tion), one sets the evolution complementary equations given
by Equation (8).

_s0d . e .
_ Cg,ci _TBFSS,Q is the specific heat at constant strain

and normalized concentration (J/kg-K);

— A and pare the Lamé elastic coefficients (Pa);

- d; (K) anda the isotropic expansion coefficients linked to
respectively heat conduction and mass transport;

— the effect of temperature variation (concentration variation) do= dj(—gTaaT _%’C{u —u ]) @)
on the chemical potential (entropy) is linked to the coef- ’ g e

ficientd (J/kg-K); O

g t t

— D is defined as a function of coefficieqisD and '% the = _0g od¥ [ j =0 od0 0

two latter ones being defined further in the documen ™ Gyl _graar] B M O gradu. —u ) E
(M?/sd); %[ g ] Ugracug-1,) %[ grad(yg -~ p)] Ogragr

— L is the identity matrix. (8)
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Moreover, when the dissipation phenomena are assumedas a quadratic form. One then obtains the well-known
be driven by linear and fully coupled laws, the potecfiad  evolution equations, namely Fourier's (only conduction case)
guadratic and leads in an isotropic case to the following lawand Fick’s (diffusion case) equations:

Jm, =k, gradp —p,] - o, gradT Jy =l T gradT, k=2
-

jS:_kTgHaT - CTpﬁ(ﬂp-g_uJ pku
where: and J;, =-k,D s gradc, D =05

is linked to the chemical potential gradient effect on the
gas mass flux (kg-sAn P g whereA is the thermal conductivity (J/m-s-K) aibdthe

2
— k; represents the thermal gradient effect on the entrop?)ﬁus'v'ty (ms).

flux (W/m-K?); Summary: Unknowns and Constitutive Equations
— Cy, is a coupling coefficient corresponding to the tem-The variables defining the thermodiffuso-mechanical state of
perature (chemical potential) gradient effect on the maspe material (gas-polymer mixture) are the components of

(entropy) flux (kg/m-s-K). the displacement vector, the temperatiirand the gas
With the previous expression of the chemical potentiahormalized concentratiog,. Among all the different coef-
(Eq. 5), one obtains: ficients that were introduce '+ Cry andd are the only ones
still to be determined through a parametric study.
Im, = kD sggradcg With the previous equations, the thermodiffuso-elastic

(3)\ + aJ model is finally defined under a full coupling assumption as
+h grac{ ti ] IﬁJd cm gradT follows:
— Mechanical problem:

= (ks —d CTH) T+ (o =d ) (o= grad T divg+pf =0
_%[CTMT+K1(Hg—Hp)] s,radc, g=gy+A(tre) L+ 2ug” ©)
(3)\+a1 —(3)\+a,1)[0(T(T—T0)+0(0106 sg(cg— cg)] i
T[ CruT + K*(”g Hp ] gra({ tls] — Diffusion problem:

When dissipative processes are assumed totally uncouple
two dual potentialsl}, d;, enter the expression df: (10)

"= o (-grad) + & - grafu; - &Mdiv(m[ te]) + (cr, —k, d) divgracr)
As previously stated, an important simplification of these P
equations consists in considering the dual dissipation potentialThermal problenEq. 11):

d —
pl08s, % =Dp 10%s, div(gradcg)

dr _OA

o (k,d-2cp) dETdiv(gﬁaT% r+(kd-2¢,)d (ﬁaﬁz

+kui(Dp 1085, )z(ﬁ’dcg)2 - (A +2)ay Ttrcjjit

-2Dp 108 s, %gﬁq t@e] @H’dcg_'_ KIDS% +§1)ac§(gﬁq t@e])z

11
+en -k, d] L pp1oes,T div(ﬁdcg) -

—[cT Iﬁld] )\+al Clev(grac{ tIE])
+2[CTH—Ing]—Dp1065g gradc, (el

3)\ 2p

=2[cq, - lﬁdd] grac{ tig ] Cgradr
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3 QUALITATIVE STUDY OF COUPLING 3.2 Uncoupled Case

The numerical implementation of the linear thermodiffusoin the uncoupled case, four of the five coupling parameters
elastic model in the software ABAQUS™ leads to a firs@re equal to zero:

qualitative study of direct couplings. The programmed a;=0, 0,=0, ¢[,; =0 andd=0

elements are first validated considering an uncoupled The following simplified system of equations describes
behaviour. Then, couplings are introduced gradually and theffe problem:

effects on the polymer sheath of an infinite tube are given. Mechanical problem:

The model contains five coefficients that define a more orless  __ .o o .
complicated coupling between mechanical, thermal and  div@+pf =0 with g =g, +)‘( tre ) L+2ug® (12)
Qiffusio_n phenomenauT, g ku Cry andd_ . T_heku parameter _ piffusion problem:

is studied first, because it cannot be eliminated. Secondly, the

more classical coefficients of expansian, anda_, are %:Ddiv(ﬁm ) (13)
introducedcm and dparameters are considered finally. dt ¢
— Thermal problem:
i ar _ . . [—— 1 2(—— |2
3.1 Structure and Loading PC.e, - A dlv(gradT) +r +E(Dp 1(959) ( grad:g)
The structure considered is a flexible pipe used for carbon (14)

dioxide transportation and formed by a polymer sheath. Its As the coefficienk  appears in the denominator of the last

dimensions as well as the loading path and the boundagyrm of Equation (14), it cannot be cancelled. So, it is chosen

conditions are chosen so that the assumption of plane strginsuch a manner that the effect of diffusion on thermal

can be considered. Due to symmetries, only one quarter gfoblem can be neglected. Specifically, fok aaround

the pipe section is represented by 3000 8-node quadrilateralg® kg.s/n$, one obtains the same results that those issued

(Fig. 6). from the uncoupled mechanical, thermal and diffusion
All except the three unknown coupling coefficientssimulations of ABAQUS™:. In other words, this valuekpf

(ku, Cry andd) correspond to the polyvinylidene fluoride can be considered as relevant to an uncoupled case.

(PVDF) characteristics. They are measured at (Tie Bi, 2000)

or extrapolated to (Flaconnécheal, 2001) a temperature 3.3 Diffusion Effect on Thermal Problem via k

around 21°QTable 1) The coefficient of expansion due to "

gas diffusion is determined at 130°C (data issued frork  appears above to be the only parameter necessarily

recent testdFP). It is a relatively rare data in the literature different from zero. It is possible to make its effect negligible

because it requires specific experimental systems. Nevesut not to suppress it. That is why it is the first one

theless, such an approximation of the characteristics valuggroduced in the model.

can be admitted because of the exploratory nature (in Sorlrjéﬁeoretical Aspects

aspects) of this study. All these material characteristics a o ) )
From a thermodynamic V|ewp0|ri¢u defined as an Onsager

assumed to be constant during the simulation. < ) A - i i
) ) , ) coefficient is necessarily positive. Some simulations are
The loading path is defined as corresponding approXi,ade for the following parameters set:

mately to the engineering applicatidifsg. 7). However, the

thermal exchange between the transported fluid and the 0< 'ﬂis 10%, o =0, =0, Gu= 0 and &0
sheath is not taken into account, in particular during the In these conditions, the thermodiffuso-elastic model is
explosive decompression, which induces a temperature droparacterized by the foregoing equati¢Bgs. 12, 13, 14).
inside the pipe and therefore a modification of the insid&trictly speaking, taking account kf only, mechanical as
boundary conditions. well as diffusion problems correspond to the truly uncoupled

TABLE 1

Characteristics of a PVDF with G@t 21°C
(excepta, which is measured at 130°C)

P E v Cey A a; S D a,
"9

(kg/m?) (MPa) (O (J/ké-K) (W/m-K) (K (Pa?h (m?/s) (o

1745 1743 0.38 1045 0.26 10 5.539-16° 9.8:1012 2.2:16%
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case. The sole heat equation is modified: diffusion pheno- The trace of temperature curves at two points of a radius
menon induces now temperature variations. Thus, the on(ffig. 9) leads to the same observations.

thermal response is studied. Physical Aspects

Numerical Aspects This first “rudimentary” coupling describes the effect of
The effect of diffusion on thermal problem results in a locadliffusion on temperature evolution. Whatever the direction of
increase in temperature. This result was foreseeable becad#usion is, the gas transport results in a local increase in the
the coefficient, relative to this effect is superior (or equal) polymer temperature vig,. From a physical viewpoint, such
to zero(Eq. 14). a temperature rise results from the evolution of polymer
The foregoing effect is negligible when the coefficiknt internal state, whose gas content varies with the pressure
is between 1% and 5-16 kg-s/nf. Indeed, the relative @applied on the boundary.
variation of temperature compared to the uncoupled case is
then lower to one percent. When the valu%oﬁecreases 3.4 Introduction of Expansions
further (below 5-19kg-s/n¥), the coupling effect appears.
The temperature rise is more importanklpis small, a result '!'he two other cqefficients introduced represent the expansion
consistent with the heat equatiokp (appears to the linked to the var|§t|ons of temperatuce,X on the one hand
denominatorEq. 14). Moreover, a second threshold valuednd of concentratiori() on the other hand.
occurs around 2-f0kg-s/n¥. an inferior k, leads to
disproportionate coupling effects with a relative variation™
of temperature around a hundred percent during theirst, only the thermal expansion coefficient is considered,
decompression. In the interval [2¢1@-s/nf, 5-16 kg-s/n¥],  which leads to the following configuration:
this r_elative variat.iorl compare.d to.the upcoupled situation k< 10, a,#0, a,=0, ¢,,=0 andd =0
remains more realistic, namely inferior to fifty percent. ¢ H
To estimate this effect of diffusion on the thermal field, Theoretical Aspects
elements placed on a tube radius are followed during tHdechanical and thermal problems are thus modified. In the
simulation. Whatever thk, value, the maximal relative first one, thermal dilation occu(&g. 15)and in the second
scatter of temperature is recorded at roughly 0.27 ar@ne, the rate of volumetric swelling strain induces a
0.6 mm from the interior side during the compression andfariation of temperatur¢Eq. 16) The diffusion equation
decompression phases, respectiv@lig. 8). This result is remains the same as in the previous cgga. 13)
closely linked to the loading and boundary conditiondievertheless gas diffusion has an indirect effect on
corresponding to this simulati¢Rigs. 6 and 7) mechanics through the temperature figid). 16). Indeed,
During the first stage of the simulation (linearly increasingliffusion acts on the temperature evolutionkjjiawhich has
and constant concentration steps), the relative variation §frther repercussions on thermal expansion and thus on the

temperature compared to the uncoupled case increases tHachanical problem. This last modifies finally the thermal
decreases at a given poifig. 8). It reaches a maximal problem through the variation of the rate of volumetric

value faster at a point located nearer from the interiofVelling strain.
boundary than another one. This phenomenon can be . 1+v
explained by the evolution of the gas mass flux in space and £ =E +?2 -
time, in other words it is connected with the characteristic
time of diffusion process. Moreover, a zone characterized & dT o
more complicated fluctuations of temperature appears on ttPCe s A dIV(QfadT ) +r (16)
radius owing to the nil concentration imposed on the outside .
gdge of the structure. Indeed, th|§ boundary condmon results +i(Dp 105, )2 (ﬁdc )2 _ (3200, Ttrdi
in strong gradients of concentration near the outside edge at k, E t
an advanced stage in the diffusion phenomenon. For sor&e
particular values oku, the stationary state is not reached
completely when decompression occurs.

During the second stage of the simulation (linearlyNumerical Aspects
decreasing and zero concentration steps), the heat increas@ssthe processes are relatively slow during the simulation,
quite steady. The relative variation of temperature is maximéhe temperature field is not affected by this classical coupling
at the end of the linear unloading and then it tends towardwhich needs faster solicitations to be active).
zero (Fig. 8). Indeed, concentration gradients disappear as a The indirect effect of diffusion on mechanics results in a
nil concentration is imposed on each edge. nonlinear distribution of volumetric swelling strain along

4.1 Thermal Expansion

(trg) L+or(T -To) L (15)

ml<

(Pa) andv being the coefficients of Young and Poisson,
respectively.
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a radius(Fig. 10). The profiles of thermal expansion givenTheoretical Aspects
for aku coefficient equal to 2-fkg-s/n¥ (coupled case) and The problem is modified overall. In this case, the coupling
10%° kg-s/n? (uncoupled case) show this phenomenonbetween thermal and diffusion phenomenalkyjgs inevi-
Moreover, during the transient phases, a slight peak of straiable. Indeed, when a non-zero coefficient (coefficient
appears near the interior edge of the structure. So, accordiegpansion due to diffusion) is considered, any plausible value
to geometry and boundary conditions, one could eventuallyf favours this effect of diffusion on temperature
expect a localization of stress generated by couplingvolution. So, théasic modelused to describe the thermo-
phenomena. diffuso-mechanical behaviour of polymers contains neces-
sarily allthe couplings considered in this paragraph.

The values okH are chosen so that the concentration
evolution is governed mainly by the classical term linked to
the divergence of the concentration gradient. This condition

3.4.2 Expansion Linked to Gas Diffusion

At this step, the expansion coefficiemt corresponding to
the gas diffusion is introduced in the model:

leads to:
10*<k,<10% o;#0, o #0, G,=0 and =0 10f <k, <10%
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Profiles of thermal expansion fof & 2-10@ kg-s/n? and k= 103 kg-s/nd.
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Numerical Aspects For high values ofc;, (10®°kg/m-s-K), diffusion is
Whatever the value d&f , the thermal results are identical to accelerated by them div(gradT) term which appears in the
those obtained in the previous case. A weak slowing doweoncentration evolution equation. Diffusion and conduction
of the mass transport is observed. Moreover, the radidlve the same characteristic tiffieg. 14). Concentration
displacement, which corresponds to a decrease in volunbecomes equal to zero at the end of decompression step.
(Fig. 12) in the uncoupled case, is reversed. A competitiolTemperature increases more slowly during the two first steps.
appears between internal pressure that compacts the shdathing the decompression, temperature field corresponds to
and diffusion as well as thermal processes that induce linear distribution along the radius; this is linked to the
an expansion of the structure. The therkag). 10) and boundary conditions of temperature.
diffusion (Fig. 11) expansions have different orders of .

Physical Aspects

magnitude, but it is important to remind the measuremerln% b difficult t lain th i ffects at
uncertainty ofi_ and c. ecomes more difficult to explain the coupling effects a

this stage. The new coeﬁicieog“ appears as a multiplier in

of some gradients. If within the structure considered, loading
and boundary conditions generate strong and/or localised
With these two expansion coefficients, the basic expegradients, the effect af.  will probably be more significant.
imental results observed WifP are recovered (contraction This coefficient acts on the kinetics of diffusion and
under the pressure effect—expansion under the absorptiegnguction (more or less rapid) with constBrand A

effect).

With the aim of differentiating the two effects, it will be
necessary to know the local value of temperature. Thege

effects are expected to be quantified during a classic@|ow, all the coupling coefficients are considered. The study

permeability test. After a transient phase, the gas mass flgf constitutive equations leads to three threshold valugs of
becomes stationary and a thermal gradient appears in the

thickness owing to thek” coupling. Then, expansions d=0. d=d _Cm and d =d. =
linked to the variations of temperature and concentration G k, U2 k,
induce a non-linear variation of sample thickness. A compa-
rison between numerical predictions and local measures hdgimerical Aspects
to be considered. Some problems of convergence appear often during these
simulations. They could be suppressed by modifying the
evolution of time step. Two results are presented in this part
with the aim of underlining the effects af
Theoretical Aspects First,d is chosen equal @, and the results are compared
Some supplementary terms appear in diffusion and therma a case without, andd. The thermal problem is modified
problems. The divergence of the thermal gradient contributegd, via the thermal expansion, also the mechanical one.
to the concentration variation. In order to conserve classicgome difference of concentration appears in several localized
diffusion and conduction effectk, andc;, are defined as parts of the structure. The variation of temperature is all the
follows: more important as the coefficiemfn[/ k,lis close to [IIT.
10*<k,<10' and 0 <, <10’ The effect ofd on each problem is then studied. For a
given couple I(u cTu), simulations are done with different
values ofd. It is difficult to associate a global effect to this
coefficient because of the complicated interactions existing
. between mechanical, thermal and diffusion phenomena. For
. Forl small values oy, (107 k.g/m-s-K),.gas dlffuses 2 d lower tod,, an unrealistic increase in temp[e)rature appears,
little bit more slowly during the linear loading steépg( 13, whereas fod superior tad,,, temperature decreas@g. 15).

negative absolute difference of concentration) and a little b”1 the same way, the effect@bn concentration depends on
more quickly during the decompression step. Thus, thif‘ﬁe value of this éoefficier(Fig 16)

coefficient plays a directional role in diffusion process
(absorption or desorption). It is a diminishing and/or enPhysical Aspects

hancing factor. Its effect on temperature field has the sanfccording to the value ofl, the effects observed are
order of magnitude. During the loading step, temperature ompletely different. Couplings result in acceleration or
more elevated. During the decompression step correspondisigwing of mass transport and thermal transfer. This
to a constant temperature on the boundary, a weak drop doefficient associated witbm generates some complicated
temperature appears inside the material due to the accabn-linear effects, which are greatly dependent on gradients.
eration of gas desorption. Experimental studies will make it possible to validate or not

3.4.3 Physical Aspects

6 Totally Coupled Case

3.5 Introduction of ¢,

Numerical Aspects
The effects oft:Tp are similar whatever the value qu but
they are all the more strong Iqlsis small.
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ku = 104 kg.s/m3 and cty = 102 kg/(m.s.K)
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ku = 104 kg-s/m3 and cry = 103 kg/(m-s-K)
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ku = 104 kg-s/m3, cty = 1 kg/(m-s-K)
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these first results. After solving of convergence problems, eoupling, further simulations will be necessary to capture
more detailed parametric study of, andd will lead to  other features of the relative phenomena.
more general conclusions. The formulation, implemented in ABAQUS™, contains
all direct couplings in the restricted mechanical framework of
elasticity. As polymers exhibit a viscous behaviour for small
CONCLUSION loadings and deformations, a further extension to visco-
. o . .. elasticity is to be done. Within such enlarged framework, the
The numerical tool de_veloped n _th's paper makes it pos_S|b ntribution of each direct coupling parameter will be more
to account for the d.|rect couplings betvyegn mechanlc. recisely quantified and the genuine polymer characterization
thermal and 'dlfoSIOI’I phenomena W'th!n an elaSt'ceasier. Indeed, expressions proposed to describe the intrinsic
frameyvork. T_h's explorgtory and parametric study led t%lependencies of material characteristias. (ndirect cou-
some interesting results listed below. plings) are much complicated and relative experimental data
The coefficientk,, which corresponds to the effect of ot easy to exploit making necessary numerical approaches
diffusion on thermal evolution, is an essential parameter. ligngd relative parametric studies as the present one. On this
strong impact on the field of temperatures was underlined f@yasis, it is hopefully expected to propose a new protocol of
a large set of values &. This parameter governs the heatcharacterization. A practical discernment between direct and
generation due to the gas diffusion within the polymeringirect couplings effects is also to be brought forward.
Although this view of phenomena does probably not
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